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Abstract 

Carbonaceous  deposits  formed  in  Cu-based  SOFC  anode  compartment  by  exposing  porous  YSZ  anodes  to  n-butane  at  elevated  temperatures 
were  studied  using  a  combination  of  V-I  curves,  impedance  spectroscopy,  SEM,  and  TPO  measurements.  While  short-term  exposure  of  a 
porous  YSZ  matrix  to  w-butane  at  973  K  resulted  in  the  deposition  of  electronically  conducting  carbonaceous  film  and  therefore  to  enhance 
the  fuel  cell  performance,  the  power  density  decays  quickly  in  « -butane  at  temperature  1073  K  or  higher  for  long-term  operation.  SEM 
results  indicate  that  the  carbonaceous  deposits  arising  from  gas  phase  reaction  have  different  morphology,  and  a  dense  layer  composed  of 
poly-aromatic  rings  has  been  formed  on  the  porous  anode  surface.  The  dense  layer  could  block  the  penetration  of  fuels  to  the  anode  and  ions 
transfer  to  the  three-phase  boundaries  where  electrochemical  reactions  occur,  resulting  in  the  drop  of  the  power  density.  TPO  measurements 
revealed  that  the  amount  of  carbonaceous  deposits  increased  and  the  type  of  deposits  changed  with  exposure  time  to  w-butane.  The  stability  of 
deposits  increased  with  extending  the  exposure  time  according  to  the  increased  oxidation  temperature.  Steam  can  remove  the  carbonaceous 
deposits  from  the  porous  YSZ  anode,  but  the  reaction  temperature  was  severely  elevated  compared  to  that  of  oxygen.  The  carbonaceous 
deposits  can  also  be  removed  at  973  K  by  steam  but  the  deposition  of  carbon  will  be  controlled  by  the  speed  of  removal  and  formation  from 
the  gas  phase  reaction. 

©  2005  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

It  is  well  known  that  Ni-cermet  composite  is  the  most  com¬ 
monly  used  materials  for  solid  oxide  fuel  cell  (SOFC)  anodes 
[1,2].  Ni  provides  high  electronic  conductivity,  reasonably 
good  high  temperature  stability,  and  high  catalytic  activity 
for  steam  reforming.  Unfortunately,  direct  utilization  of  hy¬ 
drocarbons  is  usually  not  possible  in  the  absence  of  added 
steam  due  to  the  fact  that  Ni  tends  to  catalyze  the  forma¬ 
tion  of  carbon  fibers.  The  problem  of  carbon  fiber  formation 
is  particularly  severe  for  hydrocarbons  larger  than  methane. 
FUCkC  ratios,  higher  even  than  that  predicted  from  thermo¬ 
dynamic  considerations,  must  be  maintained  [3-5]  in  order  to 
avoid  plugging  the  reactor  with  carbon  while  operating  with 
higher  hydrocarbon  fuels. 
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Carbon  formation  could  be  avoided  by  replacing  Ni  with 
electronic  conductors  that  do  not  catalyze  carbon  formation, 
such  as  Cu  [6-8]  or  conducting  oxides  [9-11].  It  is  difficult  to 
achieve  sufficient  conductivity  with  oxides  under  the  reduc¬ 
ing  conditions  of  the  anode  [12,13].  Our  research  has  focused 
primarily  on  the  development  of  anodes  made  from  compos¬ 
ites  of  Cu,  ceria,  and  YSZ  for  direct  utilization  hydrocarbon 
fuels,  without  first  reforming  the  fuel  to  syngas  in  that  Cu  does 
not  catalyze  the  formation  of  carbon  fibers  in  the  presence  of 
dry  hydrocarbons  in  the  way  that  Ni  does.  Due  to  the  fact  that 
Cu  has  a  low  catalytic  activity  for  hydrocarbon  oxidation,  it 
is  necessary  to  add  ceria  to  the  anode  formulation  in  order  to 
achieve  reasonable  power  densities  [14].  Because  CuO  and 
CU2O  melt  at  the  temperatures  required  for  processing  YSZ, 
the  fabrication  of  Cu-based  anodes  has  required  the  devel¬ 
opment  of  synthetic  methods  that  are  different  from  those 
used  to  produce  Ni-cermet  composites  [6,7,14,15].  Rather 
than  calcining  mixtures  of  CuOx  and  YSZ,  the  Cu  cermets 
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are  fabricated  by  first  producing  a  highly  porous  YSZ  matrix, 
adding  Cu  to  the  matrix  with  impregnation  of  Cu  salts  and 
then  by  low  temperature  calcination. 

Recent  research  indicates  that  exposure  of  Cu-ceria-YSZ 
anodes  to  ^-butane  at  973  K  can  lead  to  a  large  increase  in 
power  density  due  to  the  formation  of  carbonaceous  residues 
within  the  anode  [15,16].  As  discussed  elsewhere  [15],  for 
cells  with  Cu  contents  of  20  wt.%  or  less,  large  increases 
were  observed  in  the  power  densities  for  operation  in  H2 
after  the  anode  had  been  exposed  to  ^-butane.  The  enhance¬ 
ment  decreases  with  increasing  Cu  content,  implying  that 
the  deposits  improve  the  connectivity  of  the  metallic  phase 
in  the  anode.  Analysis  of  the  compounds  formed  by  passing 
^-butane  over  a  Cu-plated  surface  at  973  K  showed  the  forma¬ 
tion  of  poly-aromatic  compounds  (e.g.  anthracene  and  simi¬ 
lar  compounds)  that  were  soluble  in  toluene  but  conjugated 
enough  to  provide  electronic  conductivity  [17].  Temperature- 
programmed  oxidation  (TPO)  measurements  indicated  that 
relatively  small  quantities,  a  few  weight  percent,  were  suffi¬ 
cient  to  affect  performance  and  that  these  compounds  could 
be  oxidized  and  removed  from  the  anode  at  much  lower  tem¬ 
peratures  than  would  be  possible  for  graphitic  particles  [18]. 
However,  rather  than  enhance  the  power  density,  it  was  also 
found  that  the  carbonaceous  deposits  formed  at  1073  K  or 
higher  can  deteriorate  the  performance  for  long-term  opera¬ 
tion. 

In  the  present  study,  we  further  investigated  the  effect  of 
carbonaceous  deposits  on  anode  performance.  The  results 
suggest  that  the  deposits  formed  at  973  K  for  short  time 
can  enhance  electronic  conductivity,  but  the  carbon  layer  de¬ 
posited  on  the  surface  of  anode  could  block  the  fuel  feeding 
and  oxygen  ions  transfer,  resulting  in  a  decline  of  the  power 
density.  The  deposits  can  be  removed  by  either  air  or  steam, 
but  the  reaction  temperature  will  be  much  elevated  for  the 
latter  case. 


2.  Experimental 

The  methods  used  for  preparing  and  testing  fuel  cells  with 
Cu-based  cermet  anodes  have  been  discussed  in  other  papers 
[6,7,14,15]  and  described  briefly  here.  YSZ  powder  (Tosoh, 
8mol%  Y2O3)  was  mixed  with  distilled  water,  a  dispersant 
(Duramax  3005,  Rohm  &  Haas),  binders  (HA12  and  B 1000, 
Rohm  &  Haas),  and  pore  formers  (graphite  and  poly-methyl 
methacrylate  (PMMA)).  For  the  fuel  cell  measurements,  this 
slurry  was  cast  onto  a  green  tape  that  had  no  pore  formers 
and  then  calcined  at  1823  K  to  give  a  bilayer  YSZ  wafer  with 
a  600  jmm  porous  layer  and  a  60  jim  dense  layer.  SEM  mi¬ 
crographs  of  the  structure  obtained  using  these  pore  formers 
have  been  reported  elsewhere  [19].  The  next  step  in  prepar¬ 
ing  the  fuel  cells  involved  attaching  the  cathode  to  the  dense 
side  of  the  YSZ  bilayer  described  above.  After  the  addition  of 
10  wt.%  graphite  to  a  50:50  YSZ  and  LSM  (Lao.sSro.2Mn03, 
Praxair  Technologies)  mixture,  a  glycerol  slurry  of  the  mix¬ 
ture  was  painted  onto  the  bilayer  and  calcined  to  1523  K  to 


form  the  cathode.  To  prepare  the  anode,  the  porous  YSZ  layer 
was  impregnated  with  a  mixed,  ethanol  aqueous  solution  of 
(NH4)2Ce(NC>3)6  (Alfa  Aesar,  ACS  99+%)  and  then  calcined 
at  723  K  to  form  Ce02.  After  the  impregnation  with  ceria, 
the  porous  layer  was  impregnated  by  aqueous  solutions  of 
Cu(N03)2-3H20  and  then  calcined  at  723  K  to  decompose 
the  nitrate.  The  final  composition  of  the  anode  used  in  this 
study  was  10  wt.%  ceria  and  20  wt.%  Cu. 

For  fuel  cell  performance  testing,  Ag  mesh  was  attached 
to  the  cathode  with  Ag  paste  and  Au  wire  was  attached  to 
the  anode  with  Au  paste.  Each  cell,  having  a  cathode  area  of 
0.33  cm2,  was  then  sealed  onto  1.0  cm  alumina  tubes  using 
Au  paste  and  a  ceramic  adhesive  (Aremco,  Ceramabond  552). 
Finally,  the  entire  cell  was  placed  inside  a  horizontal  furnace 
and  heated  to  973  K  at  2  K  min-1 ,  with  pure  H2  being  fed  to 
the  anode  at  a  flow  rate  of  40  mL  min-1 .  The  performance  of 
the  cells  was  characterized  by  potential-current  ( V-I)  curves 
and  impedance  spectrum.  The  spectra  were  measured  in  gal- 
vanostatic  mode,  using  a  dc  current  density  of  330  mA  cm-2 
and  an  ac  perturbation  of  3  mA  cm-2 . 

Carbon  deposits,  typical  of  those  expected  to  form  in  the 
fuel  cell  anode,  were  analyzed  by  TPO.  First,  we  prepared 
a  porous  YSZ  using  the  same  procedures  as  that  of  anode 
matrix  for  fuel  cell,  but  the  slurry  was  cast  into  rectangular 
pieces  to  form  2  mm  x  2  mm  x  5  mm  slab  instead  of  tapes. 
After  impregnation  of  20  wt.%  Ce02  (no  Cu),  the  samples 
were  heated  in  flowing  H2  at  973  K,  then  exposed  to  flowing 
^-butane  for  various  times  at  the  same  temperature.  The  sam¬ 
ples  were  then  placed  in  a  separate  flow  reactor  and  heated  at 
10  K  min-1  to  1 173  K  in  a  20%  O2  stream  in  He  carrier.  The 
reactor  effluent  was  analyzed  using  a  mass  spectrometer.  The 
amount  of  carbon  present  in  the  sample  was  calculated  from 
the  weight  change  before  and  after  exposure  to  ^-butane.  Ex¬ 
cept  for  oxygen,  steam  was  also  used  to  examine  the  reaction 
between  H2O  and  deposits.  The  stability  of  these  carbona¬ 
ceous  compounds  can  be  recognized  by  measuring  the  car¬ 
bon  removal  with  02/He  or  H20/He  stream  as  a  function  of 
time  and  temperature. 

Scanning  electron  microscopy  (SEM,  JEOL  JSM-6400) 
was  used  to  determine  the  overall  morphology  of  the  de¬ 
posited  carbonaceous  film  on  the  anode  surface. 

3.  Results  and  discussion 

3.1.  Fuel  cell  performance 

In  a  previous  study,  we  have  shown  that  exposure  of 
Cu-ceria-Y SZ  anodes  to  ^-butane  at  973  K  can  lead  to  a  large 
increase  in  performance  due  to  the  formation  of  carbonaceous 
residues  within  the  anode  [15,18].  Based  on  the  fact  that  the 
enhancement  is  large  for  anodes  with  low  Cu  contents  and 
small  for  anodes  with  high  Cu  contents,  it  was  concluded  that 
the  carbonaceous  residues  enhance  electronic  conductivity 
within  the  anodes.  Indeed,  only  ceria  and  carbonaceous 
deposits  in  the  anode  also  shows  reasonable  performance, 
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Fig.  1.  Voltage  and  power  density  vs.  current  density  curves  utilizing  H2 
fuel  at  973  K  for  an  anode  containing  10  wt.%  Ce02  and  20  wt.%  Cu  before 
and  after  following  30  min  exposure  to  /7-butane. 

which  is  very  close  to  the  value  with  10  wt.%  ceria  and 
20  wt.%  Cu  in  anode.  (Before  exposure  to  ^-butane,  the  fuel 
cell  with  only  ceria  in  anode  has  negligible  power  density 
of  several  mWcm-2  because  of  no  electronic  conductor.) 
The  effect  of  carbon  deposits  on  fuel  cell  performance  was 
shown  in  Fig.  1  with  anode  has  10  wt.%  ceria  and  20  wt.% 
Cu.  The  data  were  obtained  in  H2  at  973  K  before  and  after 
exposing  the  anode  to  ^-butane  for  30  min.  Since  20  wt.% 
Cu  is  well  below  the  Cu  percolation  threshold  (~30wt.% 
Cu),  the  performance  of  typical  cells  with  only  20  wt.%  Cu 
is  initially  low  due  to  poor  connectivity  within  the  metallic 
phase.  The  maximum  power  density  of  this  cell  doubles  from 
0. 1  to  almost  0.2  W  cm-2  after  exposure  to  ^-butane  because 
of  improved  electronic  conductivity  from  carbon  deposits 
that  compensate  the  connection  within  the  metallic  phase. 

Impedance  spectra  can  verify  the  changes  of  microstruc¬ 
ture  in  the  anode  before  and  after  exposing  to  ^-butane,  so  the 
corresponding  impedance  spectra  were  then  recorded,  which 
were  shown  in  Fig.  2.  As  can  be  seen,  the  impedance  spec¬ 
tra  are  composed  of  the  electrolyte  and  electrode  responses. 
The  ohmic  resistance  decreased  0.82  £2  cm2  from  1.41  to 
0.59  ^  cm2  after  exposing  to  n-butane,  which  is  very  close 
to  the  resistance  of  YSZ  at  973  K.  The  electrode  responses 
are  composed  of  two  semicircles  corresponding  to  high  and 
low  frequency  semicircles,  respectively.  In  the  present  study, 


Fig.  2.  Impedance  spectra  measured  at  330  mA/cm2  for  an  anode  containing 
10  wt.%  Ce02  and  20  wt.%  Cu  utilizing  H2  fuel  at  973  K  before  and  after 
following  30  min  exposure  to  n -butane. 


the  authors  assume  that  the  high  frequency  semicircle  is  not 
related  to  any  chemical  or  electrochemical  step  but  probably 
to  the  microstructure  of  electrodes  and  electrolyte-electrode 
interface.  On  the  contrary,  the  low  frequency  semicircle  is 
associated  with  the  electrochemical  reaction  that  occurs  on 
the  three-phase  boundary.  Since  the  cathode  and  electrolyte 
were  identical  in  both  cases,  changes  in  the  impedance  spec¬ 
tra  can  be  attributed  only  to  changes  in  the  anode.  Clearly, 
the  anode  microstructure  was  greatly  modified  after  exposing 
to  ^-butane,  and  the  resistance  decreased  dramatically  from 
1.0  to  0.2  £2  cm2.  In  the  meanwhile,  the  electrochemical  pro¬ 
cess  was  also  enhanced,  and  the  corresponding  resistance 
decreased  from  1.3  to  0.8  £2  cm2. 

It  can  be  seen  from  the  above  analysis  that  the  car¬ 
bonaceous  deposits  can  compensate  the  poor  electronic 
conductivity  of  Cu  because  of  sintering  even  for  a  short 
time  exposure  to  ^-butane.  To  further  investigate  the  effect 
of  carbonaceous  residues,  a  cell  with  10  wt.%  ceria  and 
20  wt.%  Cu  in  anode  was  operated  for  long-term  in  72-butane 
at  973,  1073  and  1 173  K,  respectively.  The  cell  was  initially 
heated  to  973  K  at  2  Kmin-1,  with  pure  H2  being  fed  to  the 
anode  at  a  flow  rate  of  40  mL  min-1 .  Keep  the  cell  at  973  K 
for  24  h  in  H2  to  stabilize  the  anode  and  then  switch  the  fuel 
to  72-butane.  Current  density  was  monitored  as  a  function  of 
time  at  different  temperature  while  holding  the  cell  potential 
at  ^0.5  V.  As  shown  in  Fig.  3,  the  cell  performance  is 
relatively  stable  at  973  K  within  the  time  of  measurement 
(~15  h),  but  declines  quickly  when  operated  at  1073  K  and 
even  more  quickly  at  1173K,  and  eventually  the  fuel  cell 
is  almost  shut  down.  The  reasons  of  quick  drop  at  1073  K 
or  above  in  72-butane  may  arise  from  several  aspects.  Firstly, 
since  the  carbonaceous  deposits  can  enhance  electronic 
conductivity  within  the  anodes,  so  Cu  sintering  at  1073  K 
or  above  would  not  cause  any  problems.  In  fact,  only  ceria 
and  carbonaceous  deposits  in  the  anode  also  shows  the  same 
drop  in  72-butane  at  1073  K  or  above.  Secondly,  while  ceria 
may  deactivate  at  higher  temperature,  recent  study  reveals 


Fig.  3.  Power  density  of  a  cell  with  anode  containing  10  wt.%  Ce02  and 
20  wt.%  Cu  utilizing  butane  at  different  temperature  (hold  cell  potential  at 
~0.5  V). 
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that  the  cell  with  anode  contains  15  wt.%  ceria  and  35  wt.% 
Cu  (in  excess  of  the  percolation  limitation)  shows  very 
stable  performance  in  H2  at  1073  K.  The  result  indicates 
that  some  loss  of  ceria  catalytic  activity  would  not  cause  the 
continuous  drop  of  the  performance  in  ^-butane  at  1073  K, 
so  the  carbonaceous  residues  formed  by  gas  phase  reaction 
would  be  the  only  reason  for  the  quick  drop  of  power  density. 
Therefore,  the  nature  of  carbonaceous  residues  was  further 
investigated. 

3.2.  Characterization  of  the  carbonaceous  deposits 

After  cell  testing  at  1 173  K  in  ^-butane,  SEM  images  were 
recorded  on  the  surface  of  anode  to  study  the  morphology 
of  the  carbonaceous  deposits.  Since  Cu  and  ceria  did  not 
catalyze  carbon  formation,  the  deposits  were  formed  totally 
from  gas  phase,  free  radical  reaction.  As  shown  in  Fig.  4a, 
the  carbon  deposits  have  two  kinds  of  morphology  formed  on 
the  surface  of  anode.  The  small  carbon  balls  agglomerated  on 
the  top  are  “flower-like”  and  stay  loosely  as  in  Fig.  4b,  but 
the  bottom  layer  along  the  anode  surface  seems  dense  as  in 
Fig.  4c.  The  bottom  layer  in  Fig.  4c  was  found  to  be  composed 


of  six-angle  poly-aromatic  rings  as  shown  in  Fig.  4d  at  higher 
magnification.  It  looks  like  that  the  small  balls  can  transfer  to 
poly-aromatic  compounds  continuously  within  the  period  of 
testing,  therefore  can  broaden  and  densify  the  bottom  layer. 
Clearly,  the  electronic  conductivity  can  be  greatly  enhanced 
if  the  small  carbon  particles  as  in  Fig.  4b  dispersed  within 
the  anode,  and  therefore  enhance  the  power  density,  but  the 
dense  layer  at  the  bottom  as  shown  in  Fig.  4c  and  d  may 
cause  problems  to  the  cell  performance  since  the  dense  layer 
can  only  transfer  electrons  but  block  ions  transfer  and  fuels 
feeding.  The  assumption  can  be  verified  by  the  fuel  cell  per¬ 
formance  measurement,  where  the  power  density  was  found 
to  be  stable  in  ^-butane  for  short-term  but  a  continuous  de¬ 
cline  appeared  for  long-term,  when  the  dense  bottom  layer 
formed. 

The  rate  of  deposits  formation  was  measured  by  weight 
change  before  and  after  exposing  to  ^-butane  at  973  K  with  a 
small  porous  YSZ  slab  containing  20  wt.%  ceria.  Not  surpris¬ 
ingly,  the  amount  of  the  carbonaceous  compounds  increased 
with  exposure  time.  As  demonstrated  in  Fig.  5,  there  is  a 
continuous  increase  in  the  amount  of  material  deposited  over 
the  period  of  exposure.  The  amount  increases  from  0.5  wt.% 


Fig.  4.  The  morphology  of  carbonaceous  deposits  on  the  surface  of  an  anode  containing  10  wt.%  Ce02  and  20  wt.%  Cu  after  long-term  testing  in  n-butane  at 
1173  K. 


H.  He  et  al.  /  Journal  of  Power  Sources  144  (2005)  135-140 


139 


Fig.  5.  The  amount  of  carbonaceous  deposits  at  973  K  after  exposing  to 
n -butane  for  different  times. 
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Fig.  7.  Comparison  of  TPO  curves  in  O2  (20vol.%)  +  He  and  steam 
(20vol.%)  +  He  with  samples  of  porous  YSZ/Ce02  exposing  to  ^-butane 


at  973  K  for  24  h. 


for  0.5  h,  to  3.8  wt.%  for  5h,  10  wt.%  for  24  h  and  then  to 
15  wt.%  for  90  h  exposures. 

To  determine  the  type  of  the  deposits  by  GC-MS  that 
formed  on  the  porous  anodes  would  be  difficult  in  that  the 
carbonaceous  deposits  were  already  stabilized  after  1173K 
and  not  soluble.  It  should  be  noted  that  the  types  of  com¬ 
pounds  analyzed  in  previous  work  [17]  are  only  those  solu¬ 
ble  in  toluene,  where  the  deposits  formed  on  a  Cu  plate  after 
exposure  to  ^-butane  at  973  K  for  24  h  are  aromatic,  most 
with  multiple,  conjugated  aromatic  rings.  There  are  some 
compounds  that  cannot  be  dissolved  still  keeping  unknown. 
Therefore,  TPO-O2  measurements  were  conducted  to  study 
the  stability  of  the  carbonaceous  compounds  after  different 
time  exposure.  The  oxidizing  gas  consisted  of  20%  O2  in 
a  He  carrier.  Products  and  O2  consumption  were  monitored 
using  a  mass  spectrometer.  Most  of  the  products  were  CO2 
and  less  amount  of  CO  were  also  produced.  The  curves  of 
CO2  products  (m/e  =  44)  were  shown  in  Fig.  6  with  the  ex- 
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Fig.  6.  TPO  curves  in  20  vol.%  O2  +  He  with  samples  of  porous  YSZ/Ce02 
exposing  to  n-butane  at  973  K  for  different  times. 


posure  time  to  ^-butane  at  973  K  marked  on  each  peak.  In 
accordance  with  the  results  in  Fig.  5,  the  amount  of  deposits 
continuously  increased  over  the  time  period  according  to  the 
increased  area  of  each  curve.  In  the  mean  time,  the  stability 
of  the  deposits  increased  with  exposure  time  as  shown  by 
the  fact  that  the  oxidation  temperature  increased,  which  also 
indicates  the  changes  of  the  type  of  compounds. 

Under  practical  operating  conditions,  most  of  the  fuels  will 
have  been  oxidized  prior  to  the  cell  exit.  The  fuel  will  be  di¬ 
luted  by  steam  and  CO2 ,  it  is  important  to  know  the  conditions 
at  which  the  carbonaceous  compounds  will  be  avoided  or  re¬ 
main  stable  in  steam.  Therefore,  TPO-H2O  measurements 
were  conducted  by  using  steam  as  oxidizing  agent  instead  of 
O2  with  samples  of  porous  YSZ  slab  containing  20  wt.%  ceria 
after  exposing  to  ^-butane  at  973  K  for  different  times.  Water 
was  pumped  to  the  reactor  and  kept  at  20  vol.%  steam  in  a 
He  carrier.  Products  with  increasing  temperature  were  moni¬ 
tored  using  a  mass  spectrometer.  It  was  found  that  the  deposits 
can  also  be  removed  by  steam  and  most  of  the  products  are 
H2  and  some  CO2,  but  the  reaction  temperature  was  greatly 
evaluated.  Even  for  0.5  h  exposure  to  ^-butane  at  973  K,  the 
reaction  temperature  was  found  to  be  over  1073  K.  Fig.  7 
shows  a  comparison  of  TPO  curves  in  O2  and  steam  with 
samples  exposing  to  ^-butane  at  973  K  for  24  h.  While  the 
deposits  were  removable  by  O2  at  ^780  K,  the  temperature 
was  severely  elevated  in  the  case  of  steam,  which  was  found 
to  be  over  1 173  K.  It  was  assumed  that  the  carbonaceous  de¬ 
posits  can  also  be  removed  at  973  K  by  steam  but  the  amount 
of  deposits  will  be  controlled  by  the  speed  of  removal  and 
formation  from  the  gas  phase  reaction. 


4.  Conclusions 

The  effects  and  nature  of  carbonaceous  deposits  formed  in 
fuel  cell  anode  compartment  were  investigated.  While  poor 
connectivity  of  Cu  because  of  sintering  can  be  compensated 
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by  deposition  of  carbon  upon  short-term  exposure  of  the  an¬ 
ode  to  butane,  too  much  deposit  can  deteriorate  the  fuel  cell 
performance.  The  amount  and  stability  of  carbonaceous  de¬ 
posits  increased  with  exposure  time  to  /i-butane.  A  dense 
layer  of  poly-aromatic  rings  formed  from  gas  phase  reac¬ 
tion  at  973  K  or  above  can  block  the  fuels  feeding  and  ions 
transfer  and  finally  will  shut  down  the  fuel  cell.  The  carbona¬ 
ceous  deposits  can  be  removed  by  both  O2  and  steam  but 
the  oxidation  temperature  was  severely  elevated  for  the  case 
of  steam,  and  the  amount  of  deposits  was  controlled  by  the 
speed  of  removal  by  steam  and  formation  from  the  gas  phase 
reaction. 
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